Abstract: The aim of this study was to investigate the effects of the clinostat-simulated weightlessness on biological characteristics of MLO-Y4 osteocyte-like cells. MLO-Y4 cells were incubated for 24 h, then randomly divided into 3 groups and rotated in a clinostat as a model of simulated weightlessness for 12 h, 24 h and 48 h. The morphology, cytoskeleton, and secretion of soluble molecules of MLO-Y4 cells were observed and detected. The results show that clinostat culture affects the number of dendrites/cell, cytoskeleton distribution, and secretion of nitric oxide and prostaglandin E2 in MLO-Y4 cells. These results may provide some clue to explore the cellular mechanism of bone loss caused by weightlessness.
Introduction
After long-term flight in space, the exposure to weightlessness could lead to some structural and functional changes of skeleton system, which mainly register as bone mass loss, skeleton decalcification and mechanical property degradation, etc. (Collet et al. 1997; White & Averner 2001) . Many studies have been done to investigate the cellular mechanism of bone loss, but it is not clear yet.
Bone tissue is composed of cells including osteocytes, osteoblasts, osteoclasts and bone lining cells. All of them could response to mechanical loading. Then, what will happen to bone cells after being submitted to mechanical unloading caused by weightlessness? In the past few years, people have paid more attention to the function of osteoblasts in responding to weightlessness (Hughes-Fulford et al. 2006; Saxena et al. 2007; Makihira et al. 2008) Scientists have found that after space flight, some changes happen in cell morphology, cell proliferation, cell cycle, cellular cytoskeleton and gene expression in osteoblasts (Landis et al., 2000; Zerath et al. 2000; Hughes-Fulford 2001; Doty 2004 ) Also many studies have investigated the effects of simulated weightlessness on osteoblasts under ground-based condition (Rucci et al. 2007; Makihira et al. 2008) In recent years, osteocytes have been thought to be as main coordinator responding to mechanical loading in bone tissue (Bonewald 2006 (Bonewald , 2007 . Osteocytes change their structure and functions after being submitted to mechanical stimulation (Zhang et al. 2006; Skerry 2008; Tan et al. 2008) Then, is it right that osteocytes also might play important role in responding to mechanical unloading such as weightlessness? What happened to osteocytes themselves when being submitted to weightlessness condition? Aguirre et al. (2006) have found that osteocyte apoptosis is induced by tail suspension in mice which in turn becomes the beacons for osteoclast recruitment to increase bone resorption and bone loss. Also, after 14 days of space flight (Bion-11), the histology and morphometry of biosamples (biopsies) of the iliac crest of monkeys have been examined, the increase of osteolytic activity of some young osteocytes have led to an increasing quantity of empty osteocytic lacunae in bone tissue (Rodionova et al. 2002) . Also, our previous studies have shown that simulated weightlessness by magnetic levitation causes the changes of morphology, cytoskeleton arrangement and gene expression in MLO-Y4 cells . And the results of parabolic flight have shown that cytoskeleton architecture changes, but morphology and area are not influenced in MLO-Y4 cells .
In this study we used two-dimensional (2D) clinostat, in which the direction of gravity vector varies continuously so that cells could not sense gravity and display the similar bioeffects to that of under weight-256 H. Xu et al. lessness condition (Sarkar et al. 2000) . We want to investigate the influences of this special environment on structure and function of osteocyte-like MLO-Y4 cells, including cell morphology, cytoskeleton arrangement, cell apoptosis, secretion of soluble molecules, etc. That could help to elucidate the role of osteocytes in the process of bone loss caused by weightlessness.
Material and methods
Cell culture MLO-Y4 (murine long bone osteocyte Y4) is an osteocytelike cell line, whose properties are very similar to primary osteocytes (Bonewald, 1999) . MLO-Y4 cell line was gifted by Professor Lynda Bonewald (University of Missouri, USA). Cells were plated on glass slides and cultured in MEM (Gibco) with 5% fetal bovine serum and 5% calf serum including 1% penicillin/streptomycin in a humidified atmosphere at 37
• C, 5% CO2 for 24 h. Then cells were randomly divided into three groups: stationary control group (SC), horizontal rotation control group (RC) and experimental group (E) for another 12 h, 24 h and 48 h of clinorotation.
Clinorotation
Clinorotation was performed at 30 rpm (revolutions per minute) according to previous studies (Dai et al. 2000; Qu et al. 2010) , having 3 specially designed flasks with an internal diameter of 4 cm in each group. Glass slides were inserted into a specially designed shelf in every flask. In E group, 4 glass slides were placed in the shelf vertically to the bottom of the flask, while 8 glass slides were placed parallel to the bottom of the flask in SC and RC group. After that, the flask was filled with culture medium and sealed with a silicon cushion and a plastic lid. Two short needles were inserted into the culture flask through two holes on opposite edges of lid, and air bubbles in the flask could be evicted from a needle by adding culture medium into the flask through another needle. After that, 3 flasks of E group were placed on the 2D clinostat (China Astronaut and Training Centre, China) and rotated around a horizontal axis, while 3 flasks of RC group around a vertical axis. Three flasks of SC group were statically placed on the clinostat.
Haematoxylin-eosin staining Cells on glass slides were collected and washed twice with phosphate-buffered saline (PBS), pH 7.4, and fixed in 0.5% glutaraldehyde solution in PBS for 10 min. The glass slides were placed in 0.5% haematoxylin for 10 min and 0.5% eosin for 7 min, respectively. Then slides were dehydrated through an ascending gradient of ethanol, and made transparent with dimethylbenzene. The number of osteocyte dendrites/cell was counted under microscope and analyzed using simple PCI software. Three vision fields were observed, and 20 cells were investigated in every vision field.
Hoechst staining assay for apoptosis Cells were washed twice with pre-warmed PBS (pH 7.4) and stained with hoechst 33258 (5 µg/mL) for 10 min, then observed by fluorescence microscope (Nikon 80i, Japan). Only those hoechst-labelled cells showing morphological features of nuclear condensation were counted as apoptosis. Cells of twenty vision fields were investigated.
Confocal imaging
After washing with PBS, cells were fixed for 10 min by 0.5% glutaraldehyde solution in PBS at room tempera- ture. Then cells were permeabilized using PBS containing 0.1% triton X-100 solution and blocked with blocking buffer (PBS+0.1% tween +1% serum) for 10 min. After incubated with rhodamine-phalloidin labeled F-actin (1:40, Invitrogen) or antibody of α-tubulin (1:2000, Sigma) overnight, respectively, cells were washed by Tris buffered saline (TBS) with 0.1% triton and incubated for 1 h using FITC-labelled (1:10, KPL) secondary antibody (only for α-tubulin staining). After that, cells were washed by TBS with 0.1% triton, then sealed and observed by confocal microscopy (Leica TCS SP5, Germany).
ELISA
The conditioned medium was collected and analyzed for prostaglandin E2 (PGE2), macrophage colony stimulatory factor (M-CSF) and NO production using a competitive binding enzyme immunoassay system (R&D Systems, USA). The optical density was detected at 450 nm by multifunctional microplate reader (Synergy TM HT, USA).
p-Nitrophenyl phosphate
Cell supernatant was collected and analyzed by p-nitrophenyl phosphate assay. The light-absorbed value was detected at 405 nm by microplate reader (Model 680, Bio-Rad, USA).
Statistical analysis
Statistical analysis was performed using GraphPad Prism 5 statistics software. All data were expressed as means ± standard deviation (SD). T-test was used for statistics analysis. P < 0.05 was considered statistically significant.
Results

Cell morphology and cytoskeleton arrangement
The results of haematoxylin-eosin showed (Figs 1, 2) that there was not significant difference between three groups on cell morphology, also the number of dendrites/cell after 12 h of clinostat culture. But after 24 h and 48 h of clinoatat culture, the number of osteocyte dendrites/cell of E group decreased compared to that of SC group. Also, 24 h of clinorotation caused the decrease of the number of dendrites/cell in RC group compared to that of SC group. And 48 h of clinorotation caused the significant difference between RC group and E group. After 12 h and 24 h of clinostat culture (Figs 3,  4) , there was not significant difference between three groups on F-actin and α-tubulin expression and distribution. After 48 h of clinorotation, stress fibre formation was destroyed, punctate F-actin distributed among the cells. And α-tubulin distribution changed from forming microtubules in SC and RC group to scattering among cells in E group after 48 h of clinostat culture.
Cell apoptosis
There was not significant difference between three groups on cells exhibited nuclear chromatin condensation (Fig. 5) , the apoptosis of MLO-Y4 cells was not influenced by 12 h, 24 h and 48 h of clinostat culture. Fig. 2 . The number of dendrites/cell decreased after 24 h and 48 h clinostat culture in MLO-Y4 cells. ***P < 0.001, **P < 0.01, *P < 0.05. The dendrites were observed and counted under microscope using simple PCI software.
Secretion
Secretion of soluble molecules was influenced by clinostat culture, which was related with the time of clinorotation. Compared to SC and RC groups, NO production in conditioned medium decreased in E group only after 12 h of clinostat culture, but there was not significant difference between three groups after 24 h and 48 h of clinostat culture. Also, NO production decreased in RC group compared to that of SC group after 12 h of clinostat culture (Fig. 6a) . PGE2 level decreased after 48 h of clinostat culture, but there was not significant change after 12 h and 24 h of clinorotation (Fig. 6b) . Furthermore, M-CSF production increased after 48 h of clinorotation in RC and E groups compared to that of SC group (Fig. 6c) . Alkaline phosphatase (ALP) secretion decreased after 12 h of clinostat culture in RC group as well as in E group compared to that of SC group (Fig. 6d) .
Discussion
Some studies have shown that osteocytes can change the structure and function to adapt to mechanical environment (Kulkarni et al. 2010) ., which might be a capable cellular mechanism of bone loss caused by mechanical unloading under weightlessness condition (Doty et al. 2004) . In this experiment, we investigated the effects of 2D clinorotation on cell morphology, cytoskeleton and secretion of some soluble molecules in MLO-Y4 osteocyte-like cells.
In bone tissue, osteocytes form dendrites stretching out from the cell body to make contact with other bone cells. These dendrites play important roles in osteocytes sensing and transferring signals to effector cells. MLO-Y4 cells subjected to fluid flow shear stress have shown an increase in the length of dendritic processes (Zhang et al. 2006) . Ponik et al. (2007) have shown that MLO-Y4 osteocyte-like cells have a more dendritic morphology in response to oscillatory fluid flow. Fourty-four percent of cells have more than 3 dendrites/cell, while that is only 31% when MLO-Y4 cells held in static condition (Ponik et al. 2007) . Our results showed that number of dendrites/cell of E group cells significantly decreased after 24 h and 48 h of clinostat culture compared to that of SC and RC group. The results indicate that dendrites of osteocytes are sensitive to mechanical unloading, and could be as a signal to induce effector cells' bioeffects. But there was no significant difference of the number of dendrites/cell between three groups after 12 h of clinoratation, which indicated that 12 h of simulated weightlessness was not enough to induce changes of dendrites in MLO-Y4 cells. Also, we found the difference of number of dendrites/cell between SC and RC group after 24 h of clinorotation; rotation itself could influence the number of dendrites/cell of MLO-Y4 cells, but the influence of simulated weightlessness was more noteworthy. The difference of RC group and E group after 48 h of clinorotation also proved that the influence of weightlessness was greater than rotation itself.
Apoptosis is another cellular response to mechanical change, dying osteocytes in turn become the beacons of effector cells in vivo, which suggests the function of osteocytes in sensing mechanical loading (Aguirre et al. 2006 ) Some previous studies have shown that unloading induced by hind limb suspension results in an increase in the percentage of apoptotic osteocytes (Verborgt et al. 2000) . And physiological level of load imposed on bone in vivo appears to decrease the number of apoptotic osteocytes (Noble et al. 2003) . But in our results, there was not significant difference between three groups on nuclear condensation of MLO-Y4 cells after 12 h, 24 h and 48 h of clinostat culture. Maybe these results show a difference of osteocytes' response to unloading in vitro with those previous studies in vivo. Also it is possible that 48 h of clinorotation is not enough to cause the significant apoptosis feature in MLO-Y4 cells.
Also, cellular cytoskeleton is thought to play a central role in cellular mechanotransduction of bone tissue. Our previous studies have shown that diamagnetic levitation caused by large gradient high superconducting magnet influences cytoskeleton arrangement and expression of associated genes in osteoblast-like and osteocyte-like cells (Qian et al. 2008 (Qian et al. , 2009 (Qian et al. , 2010 . In this study, 48 h of clinorotation, but not 12 h and 24 h of clinorotation, destroyed stress fibre formation and α-tubulin distribution in MLO-Y4 cells. Cytoskeleton thus also takes part in the response 6 . Secretion of soluble molecules were influenced by clinorotation in MLO-Y4 cells. 2D clinorotation influenced NO and PGE2 secretion after 12 h and 48 h, respectively. M-CSF production increased after 48 h and ALP decreased after 12 h of culture in RC group as well as in E group. The conditioned medium was collected and analyzed for PGE2, M-CSF and NO production using a competitive binding enzyme immunoassay system. The optical density was detected at 450 nm by multifunctional microplate reader. ALP secretion was detected by p-nitrophenyl phosphate assay, and the light-absorbed value at 405 nm was detected. The statistical analysis was performed using GraphPad Prism 5 statistics software. *P < 0.05, **P < 0.01.
to clinostat-simulated weightlessness in osteocyte-like MLO-Y4 cells, and a longer treatment time is necessary.
As main coordinator in bone tissue, osteocytes secrete regulatory molecules to influence function of downstream effector cells through gap junction or paracrine. Among these molecules, NO and PGE2 have been known as key signal factors in responsing to mechanical changes (Bakker et al. 2001; McGarry et al. 2005) . NO production increased significantly when osteocytes were submitted to mechanical loading in vitro and in vivo (Zaman et al. 1999 ). In our results, the decrease of NO production after 12 h of clinorotation, but not after 24 h and 48 h, indicated NO could be an early response factor to simulated weightlessness caused by 2D clinostat. After 12 h, 24 h and 48 h of clinostat culture, PGE2 of E group always produced more than that of other groups, but only after 48 h, which showed a significant increase. PGE2 might be a regulating factor relative later than NO in the process of MLO-Y4 cells responding to 2D clinorotation. The changes of NO and PGE2 in turn could be as biochemical signals to influence the function of downstream effector cells, like osteoblasts and osteoclasts.
ALP is a marker of osteoblast differentiation, which is usually used to indicate the ability of osteogenesis (Zerath et al. 2000) . Osteocyte-like MLO-Y4 cells could produce small amounts of ALP (Bonewald 1999) . Also osteocytes secrete M-CSF to regulate bone resorption by inducing production of osteoclasts, suppressing apoptosis of osteoclasts and promoting activity of osteoclasts (Zhao et al. 2002) . But in our results, M-CSF production increased after 48 h and ALP decreased after 12 h of clinostat culture in RC group as well as in E group. We think the changes of ALP and M-CSF secretion are not mainly caused by clinostatsimulated weightlessness, but the side-effects of rotating itself.
In summary, our results show that osteocyte-like MLO-Y4 cells respond to clinostat-simulated weightlessness, via changing NO and PGE2 secretion, decreasing the number of dendrites/cell, and influencing cytoskeleton rearrangement. All of these might be considered as signals to influence function of downstream effector cells, such as osteoblasts and osteoclasts. The effects of osteocytes on effector cells are what we want to do in future.
